Proteorhodopsin (PR) is a microbial rhodopsin functioning as a light-driven proton pump in aquatic bacteria. We performed low-temperature Raman measurements of PR to obtain the structure of the primary photoproduct, the K intermediate (PR K ). PR K showed the hydrogen-out-of-plane modes that are much less intense than those of bacteriorhodopsin as the prototypical lightdriven proton pump from haloarchaea. The present results reveal the significantly relaxed chromophore structure in PR K , which can be coupled to the slow kinetics of the K intermediate. This structure suggests that PR transports protons using the small energy storage within the chromophore at the start of its photocycle.
representative archaeal light-driven proton pump [12] . A relevant structural difference is the presence or absence of a proton-releasing complex [12, 13] . BR has a proton-releasing complex including Glu194 and Glu204 to mediate proton transfer between the protein and the extracellular side [2] , but PR lacks such a proton-releasing component. Also, the timing of the proton release is different between PR and BR. In PR, proton release follows proton uptake at pH 7-9.5 [12, 14, 15] , whereas in BR proton release occurs before proton uptake [2] .
The photocycle of BR provides the basis of the reaction process for proton pumping, in which the photoexcited retinal chromophore goes through several intermediates as K?L?M?N?O [2, 8] . After photoexcitation of BR, the first photoproduct, K intermediate, which has a distorted 13-cis chromophore, is produced and then structurally relaxes into the L intermediate. The M intermediate, having a deprotonated retinal Schiff base, is then formed through proton transfer from the chromophore to the nearby Asp85 (proton acceptor, pK a = 2.6 [16] ). The protein eventually recovers the all-trans retinal protonated Schiff base through the reprotonation of the chromophore (M-to-N step) and the reverse isomerization (N-to-O step), turning back to the original state. In PR, a similar photocycle is achieved under alkaline conditions because Asp97, the proton acceptor that produces the M intermediate, has a high pK a value of about 7.5 [12, [17] [18] [19] [20] [21] . A notable difference in the photoreaction of PR is the absence of the L intermediate prior to M formation, as shown in Fig. 1 . In PR, the apparent K?M process has been observed with a relatively long lifetime (10~200 ls) of the K intermediate [12, 22, 23] . This indicates that the initial structural change in PR is distinctive.
To date, time-resolved or low-temperature spectroscopic techniques have been applied to study the structural change associated with the K formation. Lowtemperature FTIR studies revealed the hydrogen bond (s) involving the chromophore and the internal water molecules in the K intermediate of PR (PR K ) [24, 25] . A time-resolved IR study reported the subpicosecond protein response occurring concomitantly with the K formation [26] . Also, a recent low-temperature NMR study of PR K revealed the chemical shift change of the C10-C14 carbons of the retinal chromophore after photoisomerization but the unaffected chemical shift of Schiff base nitrogen in PR K , which was a different situation from that of BR [27] . However, the structural information thus far obtained for PR K largely concerns the structural changes around the chromophore, including the protein and internal water molecules. Therefore, the conformational change of the chromophore itself, which initiates the subsequent reactions for proton pumping, has been rather unclear. In this letter, we carried out the low-temperature Raman measurements of PR K . Raman spectroscopy has been particularly useful to detect chromophore structural changes in retinal-based photoreceptors [28] [29] [30] . This present study clearly shows the different Raman spectral features of PR K in comparison to those of BR and reports a distinctive primary structural change in the eubacterial proton pump.
Materials and methods
Proteorhodopsin was prepared as reported previously [14, 15, 31] . The purified PR sample was reconstituted into the phosphatidylcholine (PC) liposome with PR/PC molar ratio of 1 : 50, and was suspended in the 2 mM borate buffer solution with pH 10 (alkaline form of the wild-type) or 2 mM citrate buffer solution with pH 5 (acidic form of the wild-type). The PR film for the low-temperature measurement was prepared by drying the suspension on a glass plate. The dried sample was then sealed by using another glass plate and a rubber O-ring gasket. A drop of aqueous solution of 10% glycerol was placed beside the sample for hydration under water vapour-saturated conditions. The hydrated PR film prepared in this way was mounted in a liquid nitrogen-cooled cryostat (Oxford Instruments, Optistat DN2) for spectroscopic measurements at 80 K. The absorption spectrum was measured using a UV-visible spectrophotometer (HITACHI, U-3900, Tokyo, Japan). The Raman spectrum of PR was measured by a 785 nm laser (Toptica) with~60 mW power at the sample. The backscattered light from the sample film was collected and dispersed in a 30 cm polychromator, which was equipped with an electronically cooled CCD detector (Pixis 256E; Princeton Instruments, Tokyo, Japan) to obtain the Raman spectrum. A green LED (Luxeon, 510-540 nm) or laser light (Cobolt, 532 nm) was used for the photoexcitation of PR to produce its K intermediate. The low-temperature absorption and Raman spectra of BR (from H. salinarum) were also measured for comparison. Figure 2A illustrates the absorption spectra of PR (black) and its photoinduced changes (red) at 80 K. As can be seen, the absorption component, which is attributed to the photoproduct, appears on the red edge after green LED irradiation. This photointermediate returns almost completely to the original state (unphotolysed PR) when excited by red LED (see grey dashed line). These spectroscopic properties of the photointermediate of PR well agree with those of K intermediate of BR at 77 K [32] , allowing us to attribute the observed light-induced change to the production of the K intermediate of PR. Next, the Raman spectra of PR obtained at 80 K are shown in Fig. 2B . Under a dark condition, the Raman spectrum of PR at 80 K exhibits the preresonantly enhanced vibrational bands of the retinal chromophore. They are assigned to the C=C stretch (1542 cm ). The spectral feature shares close similarity to the reported preresonance Raman spectrum at room temperature [33] , although we found a slight temperature dependence of the bandshape of C-C stretches (1150-1200 cm À1 ) and the frequency of the C=C stretch (1537 cm À1 at 298 K vs. 1542 cm À1 at 80 K). By photoexcitation with green laser light (< 1 mW), small but clear spectral changes were induced in the Raman spectrum (red) at 80 K, as the C-C stretch (1150-1200 cm À1 ) and HOOP mode (~800 cm
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) changed their respective band shapes. Then, the subtraction of the unphotolysed PR contribution (~95%) produced the preresonance Raman spectra of the K intermediate (blue). The K intermediate shows the C=C stretch (1523 cm À1 ), CH 3 rock (1000 cm À1 ) and HOOP (967 cm À1 ), whose frequencies are consistent with those observed in FTIR studies at 77 K [24, 25] . Figure 3 (upper side) shows the low-temperature Raman spectra of PR (dark state at pH 5 and 10) and that of BR for comparison. When the Raman spectra of PR are compared with that of BR, significant differences are found in the intensity patterns of C-C stretches and in the frequencies of the C=C stretches. The C=C stretching frequency is a measure of electronic delocalization over the chromophore, which is known to empirically correlate with the S 1 S 0 absorption peak. The high-frequency shift of the C=C stretch from BR to PR (by 14 cm À1 ) corresponds to the blue shift of the absorption band from 573 nm (BR) to 520 nm (PR, at pH 10) at 80 K. The C-C stretching modes at about 1100-1200 cm À1 are sensitive to the geometry of the chromophore [28, 34, 35] . The complicated intensity pattern of the C-C stretching region originates from the coupling with the in-plane CH bend. Since the coupling depends on the chromophore structure [34, 35] , the different intensity patterns of pump-on spectrum after green-LED illumination, grey (dashed line): spectrum after green-LED illumination followed by red-LED illumination (B) Raman spectra of PR (at pH 10) at 80 K. Black: pump-off spectrum under dark condition, red: pump-on spectrum after green-laser illumination (~1 mW), blue: K-intermediate spectrum obtained by the spectral difference between pump-on and pump-off spectra.
C-C stretches of BR and PR indicate the conformational difference of the all-trans chromophore between their retinal-binding sites. As for the Raman spectra of PR in alkaline and acidic pH, their spectral features are very similar. At alkaline pH, PR typically presents the outward proton-pump activity with the deprotonated Asp97 counter ion (pK a 7-8) [12, [17] [18] [19] [20] [21] , whereas it was reported that PR showed the inward proton pumping [21, 36] or weak outward proton-pump activity [14, 18] with the protonated counter ion at acidic pH. Despite this functional difference, the Raman spectra of PR at pH 5 and 10 show no large differences. The C=C stretch at~1540 cm À1 exhibits a small shift (by 4 cm
) between pH 5 and 10, as the absorption maxima changes with the protonation state of Asp97 (520 nm at pH 10, 530 nm at pH 5). The intensity pattern about the C-C stretch region (1150-1200 cm
) and the relative intensity of CH 3 rocking (1007 cm À1 ) change only slightly.
The Raman spectra of the K intermediate of PR (at pH 5 and 10) are shown in Fig. 3 (lower side) in comparison to that for BR. The low-temperature Raman spectrum of the K intermediate was measured previously for BR [37] . The Raman spectrum of the K intermediate of BR (BR K ) obtained in our experiment showed vibrational bands with the same frequencies and consistent relative intensities as reported [37] . The C=C stretch at 1516 cm À1 of BR K has a lower frequency relative to that of the unphotolysed BR, reflecting the red shift of the absorption band [32] . The C-C stretching modes show a strong band at 1194 cm À1 , which has been attributed to the vibrational feature of the 13-cis conformation of the chromophore [35] . The C=N trans configuration of the Schiff base was supported by only a small change in the C-C stretching modes due to the deuteration of the Schiff base in D , which is assigned to the out-of-plane motion of hydrogen at about [28] . However, this molecular picture established for BR is not readily applicable to PR. The chromophore conformation in PR K is already relaxed largely, as the intensities of the HOOP modes are much lower than those of BR K . The spectral feature in the HOOP region rather resembles that of the L intermediate of BR, which exhibits low HOOP intensities [28] . Also, a low-temperature FTIR study by Ikeda et al. revealed the difference in the hydrogen bond around the retinal Schiff base between PR K and BR K [24] . They measured the light-induced frequency difference of the ND stretch of the Schiff base at 77 K and indicated that the hydrogen bond exists around the Schiff base in PR K , whereas it is significantly weakened in BR K [24] . Therefore, like the L intermediate of BR, PR K can be characterized by the relaxed chromophore structure with the Schiff base hydrogen bonded.
The above-mentioned structural feature in the active site of PR K may correlate with the initial reaction process that is characteristic of PR. PR shows a photoreaction where the K intermediate has lifetimes in the 10-200 ls range, such as 20 and 180 ls [12, 23] . These lifetimes of PR K are significantly longer than that of BR K (~2 ls) [40] . Moreover, the L intermediate is not clearly observed in PR before the production of the M intermediate. A possible interpretation of this reaction process is that the L intermediate (PR L ) is kinetically not observable, probably because PR K decays more slowly than PR L does [12, 21] . When we compare BR K and PR K , we see that the chromophore in BR K is highly deformed and weakly hydrogen-bonded [24] . This unstable active site may favor a quick relaxation into the L intermediate. In contrast, the situation is significantly different in PR K . The chromophore in PR K is much less distorted and the Schiff base forms the hydrogen bond(s) [24] . Due to this stabilized chromophore structure in the active site, the lifetime of PR K can be prolonged, thereby slowing the production of PR L . Then, the high pK a (7) (8) [12, 17, [19] [20] [21] of the Asp97 counterion would accelerate the decay of PR L due to the high proton affinity, thus obscuring the appearance of PR L . According to the X-ray crystallography of BR K [41] [42] [43] , Matsui et al. [41] predicted that the 13-cis retinal chromophore has a 17°twist at about the C 11 =C 12 bond. Using the density functional theory calculation (at the B3LYP/6-31+G* level of theory), a 10-25°twist at about the C 11 =C 12 bond of the chromophore is predicted to store the potential energy of 0.4-2.74 kcal/mol. These values are large enough to change the activation barrier to form the L intermediate and affect the reaction rate by a factor of 5-100. The distortion of the chromophore can be an important factor for the kinetic properties of the K intermediates.
What, then, is the molecular origin of the small chromophore distortion in PR K ? One possibility is the small steric hindrance around the polyene chain of the chromophore in the active site (cf. Fig. 4 ). PR has multiple aromatic amino acid residues (Trp98, Trp197 and Tyr200) surrounding the chromophore, and these bulky residues can exert the effect of steric hindrance [13] . Recently, a theoretical study using the QM/MM method examined the photoisomerization dynamics in PR based on a homology model derived from the Fig. 4 . Active-site model in PR. PR structure is modelled from SwissModel server [6] using the blue-absorbing variant (PDB entry: 4KNF) as a template.
crystal structure of a blue-absorbing PR variant [44] . In that study, the authors used a fixed protein structure and proposed that the steric interaction between the chromophore and Tyr200 played an important role in the outcome of photoisomerization at about the C 13 =C 14 bond [45] . Therefore, the flexibility in the position of Tyr200 was suggested to decrease steric interaction in the formation of PR K . Another possibility associated with chromophore distortion is the hydrogen bond structure around the retinal Schiff base. In BR, the chromophore-binding site is characterized by the pentagonal hydrogen bond network involving the protonated Schiff base, internal water molecules and the aspartate residues of Asp85 and Asp212 (Asp97 and Asp227 in PR) [46] . On the other hand, this particular kind of hydrogen bond network around the retinal Schiff base has not been found for PR or the variant [44] . The absence of a rigid hydrogen bond network as well as the reduced steric interaction may loosen the structural restriction around the chromophore, and thus may be the molecular origins of the distinctively small chromophore distortion in PR K .
To date, it has been presumed that the initial photointermediate stores photon energy as mechanical distortions of the chromophore, principally based on the structure of BR K . However, contrary to the case of BR K , the chromophore structure is already significantly relaxed in PR K . This study suggests that the proton transport of PR is achieved with small energy storage within the chromophore at the very initial stage of the photocycle.
Conclusion
We measured the Raman spectrum of the K intermediate of PR at 80 K to study the primary structural change of the eubacterial light-driven proton pump. The Raman spectrum of PR K showed much lower intensity of the vibrational mode at 960 cm
À1
, which is assigned to the out-of-plane hydrogen motion of HC 12 =C 13 H, as compared to BR K . This spectral feature indicates that PR K has the distinctively small distortion in the retinal chromophore than BR K has, and thus provides unprecedented insight into the initial photoreaction process. The present results suggest a stable chromophore structure under a loose constraint in the retinal-binding site of PR, which can be coupled to the slow kinetic property of PR K .
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